Tinnitus, colloquially known as ringing in the ears, refers to the perception of sound in the absence of a corresponding external auditory stimulus. This phantom sensation reduces quality of life for millions worldwide and, at present, has no medical cure. Although tinnitus is most common after the age of 60 years -8-20% of elderly individuals are affected -chronic tinnitus can occur at any age 1 . Approximately 1-2% of the general population in Western industrialized countries experience unremitting tinnitus to the extent that they seek assistance from health professionals, including family physicians, otolaryngologists, audiologists, psychiatrists and neurologists 1,2 . Tinnitus as a result of exposure to loud noises is a major service-related disability for soldiers returning from war zones 3 . In 2011, the United States Government disbursed more than one billion US dollars in disability payments to members of the military suffering from tinnitus.
Auditory nerve
The nerve that innervates cochlear hair cells and has a central projection to the cochlear nucleus.
Suprathreshold hearing
Hearing at levels above the measuring threshold.
Hidden hearing loss
Hearing loss that is not detectible by conventional auditory threshold testing and which reflects deficits in suprathreshold hearing.
Auditory brainstem response
Volume-conducted far field potentials reflecting synchronous activation of brainstem structures beginning with the cochlear nucleus and ending at the inferior colliculus.
dB hearing level
Decibels hearing level; dB relative to the quietest sound at a given frequency that a young individual with normal hearing is able to hear.
The high variability in characteristics of tinnitus has sparked investigation into the possibility that subtypes exist. Each subtype could be associated with a specific aetiol ogy and pathophysiology 8 , notwithstanding the fact that, as tinnitus is an auditory percept, some commonalities must exist in its underlying neural mechanisms. Identification of subtypes could be worthwhile insofar as clinical management can be optimized for typical cases or unusual aetiologies, allowing effective treatment in rare cases [9] [10] [11] . In the past decade, animal model studies have indicated that most cases of chronic tinnitus do not arise from increased activity in the cochlear nerve driven by the damaged cochlea, but develop as a consequence of changes in central auditory pathways and other brain regions when the brain loses its input from the ear. Clinical observations support this conclusion: tinnitus is a predictable outcome when the auditory nerve is sectioned during surgery for the removal of acoustic neuromas, and when tinnitus exists before surgery, nerve section typically does not eliminate it 12 . Although exceptions to these principles have been reported, poss ibly owing to pathological alterations in the olivocochlear efferent system or other factors 13, 14 , sectioning of the auditory nerve is not a recommended procedure for the treatment of tinnitus; on the contrary, when hearing function is augmented by cochlear implants in individuals with sensorineural hearing loss, the tinnitus associated with the hearing loss is often reduced and sometimes even eliminated 15 . Although deafferentation of auditory pathways seems to be a critical trigger for tinnitus, the relationship between tinnitus and hearing loss is not straightforward: ~10-15% of people with tinnitus have normal clinical audiograms up to 8 kHz 16, 17 , and many individuals who have age-related high-frequency hearing loss do not have tinnitus 18 . What these cases tell us about tinnitus is currently under debate. Recent animal model studies suggest that noise exposure or ageing could involve neuropathic changes in the cochlea that do not increase hearing thresholds, but rather exhibit themselves when suprathreshold hearing is tested 19 . The cochlear transduction mechanism (inner and outer hair cells on the basilar membrane of the inner ear and their associated stereocilia) often recovers from damage following noise exposure, but synapses connecting auditory nerve fibres (ANFs) to the inner hair cells are more vulnerable to damage by noise exposure 20 and the effects of ageing 21 . Particularly vulnerable are synapses on ANFs that have high thresholds for depolarization and are tuned to frequencies above the noise exposure frequency 22, 23 . This pattern of synaptic pathology is relevant to tinnitus in the absence of a threshold shift, because its presence would not affect the detection of low-level sounds (thus exempting the audiogram) but would affect ANFs tuned to higher frequencies that are normally perceived in tinnitus 17 . The presence of hidden hearing loss in tinnitus is supported by evidence that Wave I (which reflects auditory nerve response) of the auditory brainstem response (ABR) to suprathreshold sounds is reduced in patients with tinnitus but normal audiograms 17, 24 . By contrast, Wave V (which reflects processing in the auditory midbrain) can be either normal 17 or enhanced 24 in tinnitus, revealing increased central gain. To what extent deafferentation, either hidden or detectable in the audio gram, is a critical triggering factor in tinnitus, is yet to be determined, but understanding the relationship of hearing loss to tinnitus can provide insight into the mechanisms underlying the condition.
Tinnitus and audiometric hearing loss
When individuals with hearing loss that is typically in the high-frequency range (detected by the audiogram) are asked to rate several sound frequencies for similarity to their tinnitus, frequencies that are judged to be similar typically commence near the edge of the normal hearing range and increase in proportion to the extent of the threshold shift, yielding a 'tinnitus spectrum' that spans the hearing-impaired region [25] [26] [27] . Similarly, tinnitus can be transiently suppressed for 30-60 seconds after presentation of a band-limited masking noise, a phenomenon known in the tinnitus literature as resi dual inhibition 29 . This forward-masking effect is optimal when the centre frequency of the band-limited masking noise is also in the hearing loss region 18 . However, if hearing loss is deep 18 , maskers centred at lower frequencies can be more effective 28 . These results apply to cases of notched hearing loss that is visible on the audiogram 25, 29 and probably also to hidden hearing loss (in which tinnitus spectra shift inversely with respect to audiometric thresholds, even when thresholds remain <20 dB hearing level up to 8 kHz 17 ). These psycho acoustic properties of tinnitus are relevant to understanding the neural mechanisms underlying tinnitus. They suggest that aberrant neural activity taking place among neurons tuned to the hearing-impaired frequencies generates tinnitus, and disrupting this aberrant activity suppresses it. Questions remain, however, as to what the aberrant neural activity consists of, and where in the auditory projection pathway does it occur.
Animal models of tinnitus
Questions about the neural changes in tinnitus have been addressed by animal studies that have examined the neural effects of noise trauma (or other procedures, such as salicylate injections, which are beyond the scope of this Review and are reviewed elsewhere 30 ), which are known to impair the cochlear transduction mechanism.
Key points
• Tinnitus is prevalent in up to 15% of the world population • Tinnitus is linked to hearing loss: loss of input from the cochlea to central auditory pathways triggers plastic neural changes that result in increased spontaneous activity and synchrony in affected regions • Neurons in nonauditory regions are also affected by tinnitus • Although tinnitus is often linked to noise exposure, tinnitus does not always occur after noise damage in humans or animal models • An understanding of the neural mechanisms of tinnitus is essential for developing effective treatments
Tonotopicity
Frequency-specific organization at the auditory system.
Experimental paradigms for noise-induced tinnitus
Noise exposure, depending on its intensity and duration, results in either a permanent threshold shift (PTS) or a temporary threshold shift (TTS). The presence or absence of tinnitus in animals is determined either by assessing whether conditioned responses to sound stimuli change when the animals are placed in a silent environment, or by measuring the extent to which a silent period can modulate reflexive responses to an unexpected suprathreshold sound (see REF. 31 for review). An example of the latter method -used by many, but not all, of the studies reviewed below -is the 'gap-prepulse inhibition of acoustic startle (GPIAS)' procedure, developed by Turner and colleagues for use with rats and mice 32, 33 and modified for use with guinea pigs 34, 35 . In this method, startle suppression by an acoustic prepulse verifies that functional hearing is present after noise exposure, whereas the failure of a silent interval to modulate the startle response indicates that the silent interval has been filled by a tinnitus sound (FIG. 1a) . Animals are segregated into 'tinnitus' and 'no tinnitus' groups on the basis of whether startle suppression by the silent interval falls beneath a specified criterion (FIG. 1b) . Many animal studies using GPIAS and other models of tinnitus have used noise exposure levels that induce TTS but not PTS, so that hearing threshold is preserved.
Although the validity of animal models of tinnitus is not without challenge [36] [37] [38] , an increasing number of studies are demonstrating the usefulness of these procedures: after tinnitus-inducing noise exposure, animals that express behavioural evidence of tinnitus show consistent neurophysiological patterns that differ from animals that do not show such signs of tinnitus [39] [40] [41] [42] [43] [44] [45] . These findings give greater assurance that the neural changes being measured are inextricably linked with tinnitus, and that such changes can be differentiated from those that are attributed only to hearing loss or hyperacusis. Using behavioural models, three types of neural changes have been associated with tinnitus: increases in the spontaneous activity of auditory neurons in subcortical and cortical structures, increased burst firing in these structures, and increased synchronous activity among neurons affected by noise exposure 41 .
Neurophysiological alterations in tinnitus
Frequency-specific increases in spontaneous firing rates. Altered neuronal activity is detected as a physiological correlate of tinnitus in the first structure of the central auditory pathway, the cochlear nucleus (FIG. 2) .Use of an operant conditioning protocol first identified that animals with behavioural evidence of tinnitus exhibited increased spontaneous firing rates (SFRs) in neurons that have best frequencies (the frequencies to which the neuron is most sensitive) close to the noise exposure spectrum 46 . Subsequent studies using different operant techniques or GPIAS confirmed that pure tone or band-limited noise exposure resulted in increased SFRs in fusiform cells -the principal output neurons of the dorsal cochlear nucleus (DCN) -with best frequencies close to the noise exposure frequency and to the behavourally determined tinnitus frequencies 39, 40, 45 .
Some of these studies used noise exposure levels that produced only TTS, so that sound thresholds had recovered by the time of tinnitus testing 39, 40 , in line with the studies showing tinnitus in humans with clinically normal audiograms 17, 47 . Best-frequency-specific increases in SFR in the DCN that are close to the noise-exposure frequencies after TTS 39, 40 also suggest a loss of ANF input to the cochlear nucleus from high-threshold ANFs, even after audiometric thresholds have recovered 20, 23 . Other evidence indicates that increased SFRs can occur in the ventral cochlear nucleus (VCN) after various types of hearing impairment [48] [49] [50] , which suggests that the VCN could also be a site of hyperactivity-initiation in the brain. However, studies using a behavioural tinnitus model to examine frequency-specific increases in SFR in the VCN after noise exposure and tinnitus testing are yet to be performed. Thus, at present, the DCN can be considered as the site at which diminished auditory nerve input initiates increased spontaneous activity -the first physiological hallmark of tinnitus -which is then conveyed to higher brainstem and cortical regions 51, 52 . Several studies of the next auditory centre of the brain, the inferior colliculus, have demonstrated increased SFRs just below, within and just above the noise-damaged region of the cochlea; these increased SFRs correlated with the presence of tinnitus in some studies 53, 54 , but not in others 55, 56 . The increased spontaneous activity in the inferior colliculus seems to depend on transmission of increased spontaneous firing from the DCN, because DCN ablation before noise damage prevents increases in SFRs in the inferior colliculus and the development of tinnitus 57 . According to one study, DCN ablation after noise damage immediately abolished increased SFRs in the inferior colliculus 58 , though according to another study 59 , tinnitus can persist after DCN ablation. Together, these findings suggest that tinnitus could be generated in the DCN, but structures further along the auditory pathway, beyond the cochlear nucleus, are involved in maintaining tinnitus. Nevertheless, it is unlikely that the inferior colli culus maintains increased SFRs independently, because the increased SFRs can be abolished by cochlear ablation for up to 6 weeks after noise exposure, but not later 60 . By contrast, increased SFR in the DCN is not affected by subsequent elimination of either afferent or efferent inputs at 4-6 weeks after exposure 61, 62 . In addition, the time course and tonotopicity of increased SFR in the inferior colliculus mimics that of the DCN 63 . We can conclude from these studies that elevated spontaneous activity in the DCN is probably transmitted to the inferior colliculus, and subsequently to the thalamus, either from the inferior colliculus or possibly independently from the DCN through direct projections [64] [65] [66] . Tinnitus-related hyperactivity is maintained in the auditory thalamus: the neurons in the medial geniculate body (MGB) of rats show increased SFRs after noise damage, which correlate with the degree of tinnitus measured using GPIAS 67 . Neurons in the primary auditory cortex, which were shown in early studies to have increased spontaneous activity after noise damage 4, 68 , were confirmed to exhibit tinnitus-related increases in SFR in later studies that used GPIAS 69, 70 . Nature Reviews | Neurology 
Spike-timing-dependent plasticity
Spike-timing-dependent strengthening or weakening of synaptic transmission measured in vitro.
Stimulus-timing-dependent plasticity
The macroscopic equivalent of spike-timing-dependent plasticity, measured in vivo.
Hebbian plasticity
The strengthening of synaptic transmission when presynaptic activation precedes postsynaptic activation.
Neural synchrony and burst-firing
In addition to increased SFR, two other markers have been suggested as physiological correlates of tinnitus: increased synchrony between neurons, and increased bursting in a specific auditory structure. Increased synchrony between neurons could create perceptual grouping of auditory objects 71 and thus it is feasible that increased synchrony in the absence of a physical auditory stimulus could lead to the perception of a phantom sound 72 . Indeed, a recent study reported increased SFRs, bursting and neural synchrony in the fusiform cells of the DCN, establishing the presence of all three correlates in the earliest central auditory region that correlate with tinnitus 41 . In the inferior colliculus, increased bursting and synchrony across multi-unit clusters was observed in chinchillas with tinnitus that was confirmed with an operant conditioning model 73 . The bursting and synchronous firing were not confined to the central nucleus of the inferior colliculus, but were also evident in regions surrounding the central nucleus, particularly the dorsal cortex. In other research using GPIAS, tinnitus-related maladaptive plastic changes of neural responses in the medial geniculate body were observed in noise-exposed adult rats with behavioural evidence of tinnitus. In addition to increased SFRs, the MGB units in animals with tinnitus exhibited altered burst-firing properties, which correlated with the severity of tinnitus 67 .
Changes in the MGB caused by tinnitus-inducing procedures would be expected to influence the responses of neurons in the primary auditory cortex. After noise over-exposure that elevated ABR thresholds above the exposure frequency, neurons in the region of the primary auditory cortex that corresponded to the range of hearing loss shifted their preferred tuning to frequencies near the audiometric edge, such that these frequencies became over-represented in the cortical tonotopic map 74, 75 . Neurons in the primary auditory cortex also showed increases in SFR, increased synchronization, and increased burst firing 75 . Increased SFR and synchrony were observed primarily in neurons tuned to frequencies within the range of hearing loss, and increased synchrony was confined to these neurons. Burst firing increased immediately after noise trauma, but subsided to normal over the measurement period of a few hours, whereas the changes in SFR and synchrony persisted. Although the presence of tinnitus was not assessed in these experiments, subsequent studies confirmed increased cortical synchrony and SFR in animals with GPIAS-verified tinnitus, giving credence to the validity of hyperactivity and synchrony as neural correlates of tinnitus 76 .
Mechanisms of increased SFR and synchrony
Neural plasticity beginning at brain stem A plethora of studies have shown that cochlear damage alters homeostatic and long-term plasticity in the cochlear nucleus. Even a partial reduction of auditory nerve inputs to the dorsal and ventral divisions of the cochlear nucleus decreases release of the inhibitory neuro transmitters glycine and γ-aminobutyric acid (GABA), and alters their receptors 44, 77 . Additionally, both severe and partial cochlear damage 78, 79 increase excitatory neuro transmission and upregulate excitatory nonauditory projections 80 . Decreased inhibition combined with increased excitation could result in increased SFRs of cochlear nucleus neurons. This aberrant activity could be transmitted to the MGN either directly 65, 81 , or through the inferior colliculus. At the level of the MGB, however, there is little evidence of tinnitus-related decreases in GABAergic neurotransmission 82 . Rather, at this level, tinnitus measured with GPIAS was associated with increases in tonic extrasynaptic GABA A receptor currents in action potentials or evoked bursts, and with increased expression of GABA A receptor δ-subunits, which could result in hyperpolarization and a shift from tonic to burst-firing mode. This shift could alter the salience of tinnitus signals in the auditory cortex. These findings are consistent with thalamocortical dysrhythmia, which results from abnormal interactions between thalamus and cortex caused by neuronal hyperpolarization and the initiation of low-threshold calcium spike bursts 83 . Spike-timing-dependent plasticity (STDP) in vitro 84 , and its macroscopic in vivo correlate, stimulus-timingdependent plasticity (StDP) 85 , play a major role in encoding of information in the DCN. In the healthy auditory system, this form of long-term plasticity presents as Hebbian plasticity in the principal output neurons of the DCN in vitro 86 . StDP is governed not only by the temporal order of presynaptic and postsynaptic activity, . In vivo, fusiform cells in the DCN and neurons in the primary auditory cortex demonstrate primarily Hebbian plasticity in normal-hearing animals 85 (FIG. 3) . However, animals with tinnitus, assessed by GPIAS, show primarily antiHebbian plasticity in both regions. By contrast, neurons in animals that do not develop tinnitus show increased long-term depression 40, 70, 88 . Altered acetylcholinemediated neuro modulation, NMDA receptor changes, increased glutamatergic transmission and decreased glycinergic and/or GABAergic transmission contribute to these changes 77, 80, 89, 90, 91 (FIG. 4) . Computational studies indicate that STDP can alter synchronization, suggesting that the tinnitus-associated StDP changes lead to the alterations in neural synchrony that are observed in animals with tinnitus 41, 92, 93 .
Factors contributing to resistance to tinnitus
Although most studies assessing the mechanisms of tinnitus have focused on animals or humans that develop tinnitus, equally important is to understand the resistance to developing tinnitus that is seen in many indivi duals after the same noise-exposure conditions. PTS studies that compared animals with and without tinnitus after the same noise exposure have shown important differences between these groups that would not have been discerned if animals had been divided into only noise-exposed and control groups. An exemplary study demonstrated that after a mild PTS, animals with GPIAS-assessed tinnitus exhibited an increased ABR Wave V amplitude at suprathreshold levels in contrast with a reduced Wave V amplitude in the animals without tinnitus 94 . The animals with tinnitus showed no significant change in cortical activity measured with local field potentials in vivo, but showed a significant increase in Wave V ABR amplitude, representing synchronous activity of neurons in the inferior colliculus. This finding is consistent with another study demonstrating reduced levels of the activity-regulated cytoskeleton-associated protein (Arc) in the auditory cortex of animals that developed tinnitus, but not in those that did not develop tinnitus, measured using an operant conditioning paradigm 95 . Other studies demonstrated differences in KCNQ 2/3 and HCN channel activity between animals with and without tinnitus after PTS, suggesting that the effect of noise trauma on intrinsic membrane properties (that is, nonsynaptic factors) also contributes to the development of tinnitus 43, 96 (FIG. 3) .
Studies using a TTS or the hidden hearing loss model are particularly useful for dissecting mechanisms of resistance to tinnitus, as central effects can be more purely attributed to central homeostatic or timingdependent plasticity mechanisms in the absence of differences in audiometric hearing level. Two studies of guinea pigs in which all animals exhibited only TTS after noise exposure reported that the animals that did not develop tinnitus (as assessed by GPIAS) showed more long-term depression than long-term potentiation in the DCN. By contrast, the animals that developed tinnitus exhibited more long-term potentiation than long-term depression 39, 40 . Other studies using TTS models have correlated the GPIAS-tinnitus index with other physiological or molecular changes, and have shown that a high tinnitus index correlates with an increased likelihood of increased SFR, bursting and synchrony in the cochlear nucleus and MGB 67, 86 . In addition, neurons from animals with tinnitus fired more spikes per burst relative to nontinnitus neurons, suggesting a tinnitus-related increase in intrinsic membrane excitability 41, 82 .
Role of nonauditory structures Somatosensory pathways
Animal studies have shown that integration of auditory and somatosensory afferent projections occurs as early in the auditory pathway as the cochlear nucleus, where projections from the auditory nerve and trigeminal and dorsal column ganglia and brain stem nuclei converge 97, 98 . These projection neurons terminate primarily on the cochlear nucleus granule cells, whose parallel-fibre axons terminate on the apical dendrites of DCN fusiform cells [99] [100] [101] . Auditory nerve fibres, bringing input from the cochlea, terminate on the basal dendrites of the fusiform cells. Fusiform cells are, therefore, ideally placed for multisensory integration via stimulus-timing-dependent long-term plasticity 85 . After cochlear damage reduces auditory nerve input to the cochlear nucleus, somatosensory inputs to the cochlear nucleus are upregulated over a few days 78, 80, 102 , resulting in heightened fusiform cell responses to somatosensory stimulation 103 . This effect is initiated by increased glutamatergic neurotransmission from somato sensory fibres after loss of input of auditory nerves from the cochlea 104 . Interestingly, the upregulation of glutamatergic inputs from the somatosensory system occurs after a 'threshold' level of cochlear damage; beyond this threshold, no further changes occur 105 . The auditory pathway commences with the cochlear nucleus and projects through the inferior colliculus to the thalamus and auditory cortex. Return projections to the thalamus and subcortical structures are more numerous than forward projections. Output from auditory pathways distributes to several major nonauditory regions of the brain, including areas involved in memory, emotions, attention, consciousness and sensorimotor processing. In this summary diagram, connections among these regions are portrayed by arrows, but the connections among them are densely parallel and reciprocal, mediated directly by corticocortical projections or via the thalamus, as well as by multisensory interactions that occur in subcortical auditory structures. Tinnitus-related changes in auditory-somatosensory integration by the fusiform cells include increased longterm potentiation 40 , prob ably mediated by the increased nonauditory glutamatergic innervation after cochlear damage 78, 79 . Importantly, animals that did not develop tinnitus displayed increased long-term depression at fusiform synapses. The plasticity differences between animals with and without tinnitus involve a complex interplay between multiple mechanisms involved in homeostatic and timing-dependent plasticity. Given the profound alterations in processing involved in somatosensory integration in the cochlear nucleus, which are mimicked in the auditory cortex 106 , it is not surprising that a majority of people with tinnitus can manipulate the loudness and pitch of their tinnitus by stimulating or moving their face and neck 107, 108 , regions providing trigeminal and dorsal column inputs to the cochlear nucleus 101, 109, 110 . Up to two thirds of humans with tinnitus have this type of tinnitus, referred to as somatosensory tinnitus or somatic tinnitus 107, 108 .
Nonauditory brain networks
Animal studies 95, 111 and human neuroimaging studies [112] [113] [114] have confirmed tinnitus-related changes in several nonauditory brain areas. Tinnitus is accompanied by structural and functional alterations in the prefrontal cortex, parietal cortex, cingulate cortex, amygdala, hippo campus, nucleus accumbens, insula, thalamus and cere bellum 112, 115 (FIG. 2) . Though many of the changes seen in these regions could relate to tinnitus, it is challenging to distinguish between effects of tinnitus and those of comorbidities of hearing loss, hyperacusis and distress behaviour, which are common in patients with tinnitus. One study 116 attempted to resolve previous conflicting reports of differences in grey matter volume in the subcallosal region of patients with tinnitus and controls by measuring hearing thresholds up to 16 kHz, beyond the clinical standard of 8 kHz 117, 118 . No definitive group differences in grey matter volume or concentration were found; however, grey matter concentration was negatively correlated with threshold increases at frequencies >8 kHz, which was not measured by previous studies 116 . A functional MRI (fMRI) study found that responses in the auditory midbrain to suprathreshold sounds correlated with abnormal sound level tolerance when the presence of tinnitus was equal between groups, whereas tinnitus itself (with abnormal sound level tolerance equal between groups) was associated with increased activity only in the primary auditory cortex 119 . Notwithstanding these results, it remains to be determined whether the changes in nonauditory brain areas reflect a predisposition to or a consequence of tinnitus development and/or abnormal sound level tolerance. In spite of these challenges, we can conclude from neuroimaging studies that compared indivi duals with and without tinnitus that tinnitus-related changes in brain structure and function extend well beyond classical auditory pathways, even if the precise functional role of the different nonauditory structures in tinnitus is not yet unambiguously elucidated.
Changes in functional connectivity between brain regions have also been extensively investigated in tinnitus. Increased connectivity between the auditory cortices and a frontoparietal attention network was found by several EEG, magnetoencephalography (MEG), and resting-state fMRI studies 115, [120] [121] [122] . The results are consistent with the hypothesis that conscious perception of sound, including the phantom sound of tinnitus, requires long-range connectivity between auditory and attention-related areas 123 . Distress involved in tinnitus (measured by tinnitus severity questionnaires) has been associated with enhanced activity and connectivity between auditory and stress-related brain areas [124] [125] [126] . A notable brain area consistently highlighted in functional imaging studies of tinnitus is the parahippo campal region 120, 122, [127] [128] [129] [130] (a structure known to be involved in memory), which has increased connectivity with the auditory cortex in patients with tinnitus that can be detected with resting-state EEG 127, 129 and fMRI 120, 131 . This finding is consistent with the hypothesis that auditory perception is based on predictions about the external world that require information about the organism's history with sound 4, 122, 132 . Such a prediction that is based on auditory memory that was encoded before the hearing loss would not correspond with input from the damaged cochlea, which could then activate frontoparietal attentional mechanisms to resolve these disparities. Other brain areas showing increased activation in individuals with tinnitus are the anterior cingulate cortex (ACC) and insula 124, 128 . As these two areas are key regions of the 'salience network' (REF. 133 ), increased activity in the ACC and insula may reflect the attribution of salience to the tinnitus sound. On the basis of these findings, tinnitus has been proposed to involve abnormal activity in multiple overlapping networks in the brain 122 . Some of the heterogeneity seen in patients with tinnitus, particularly with respect to comorbid distress behaviour, could reflect variation in the involvement of specific networks.
Treatment of tinnitus
Cognitive-behavioural therapy Several pharmacological and nonpharmacological approaches for the treatment of tinnitus have been tested, but according to a meta-analysis, none showed convincing evidence for reducing the tinnitus percept. To date, the best-established treatment is cognitive behavioural therapy (CBT). In a Cochrane meta-analysis of eight trials involving a total of 468 individuals, CBT was found to improve quality of life and reduce depression scores, even though it did not reduce tinnitus loudness or eliminate the percept 134 . In clinical practice, CBT is often combined with sound therapy (see below). A recent large randomized clinical trial has shown that, compared with the usual treatment of audiological assessment with rehabilitation and counselling, a multidisciplinary stepped care approach involving counselling, sound therapy and elements of CBT results in a substantial benefit in terms of tinnitus severity and health-related quality of life 135 . 
Sound therapy
Several types of sound therapy have been devised with the aim of masking tinnitus or suppressing it through putative neuroplasticity mechanisms. One approach provides music that is modified to compensate for the individual's pattern of hearing loss; in another, music is 'notched' to exclude energy close to the tinnitus frequency 136, 137 . The resulting edges in the frequency spectrum of the sound stimulus are thought to distribute lateral inhibition into the notched region, suppressing tinnitus-related neural activity 138 . Acoustic co-ordinated reset neuromodulation consists of auditory stimuli presented as short tones in a random varying sequence above and below the tinnitus frequency, with the goal of reducing tinnitus-related neuronal hypersynchrony. A randomized placebo-controlled pilot study in which this method was used in 63 patients with tinnitus found significant reductions of tinnitus loudness and perceived annoyance, as well as reduced abnormal oscillatory activity measured by EEG 139 .
In contrast with the methods in which sound is presented passively, several forms of active auditory training have been explored in an attempt to induce neuroplastic changes. These studies have employed sounds of varying spectral complexity with frequencies within or just below that of the hearing loss or tinnitus frequencies 140 . On the basis of results obtained in rats with GPIAS-measured tinnitus, vagus nerve stimulation was paired with presentation of sound in the range of functional hearing. This intervention normalized tonotopic map organization and abolished behavioural evidence of tinnitus in rats 69 , and produced positive initial results in a human study that involved 10 patients 141 . Another novel approach that is currently being tested in humans applies paired auditory and somatosensory stimulation at timing orders and intervals chosen to suppress SFR and synchrony in auditory pathways, exploiting the StDP demonstrated in DCN in animal studies 40 . Although these innovative forms of sound therapy have shown some positive results in pilot studies, they are considered as experimental until results are confirmed in large randomized controlled trials.
Reversing hearing loss
As hearing loss represents the most important trigger for tinnitus, restoration of auditory input should reduce tinnitus. Accordingly, in the majority of patients with either unilateral or bilateral profound sensorineural hearing loss and tinnitus, cochlear implantation can suppress tinnitus perception 15 . The efficacy of hearing aids for tinnitus reduction is less clear 142 , probably because hearing aids cannot restore auditory nerve signals in the cases of inner hair cell or ribbon synapse loss. Moreover, amplification of sound by hearing aids is limited in the higher frequency range, in which most tinnitus patients have hearing loss (and perceive their tinnitus). Accordingly, recent studies have only shown a benefit in those patients with a tinnitus pitch below 6 kHz 143, 144 .
Pharmacological treatments
Several pharmacological agents have been investigated for the treatment of tinnitus, but none has shown any reduction of tinnitus beyond placebo effects 145 . Treatment with antidepressants improved comorbid depressive or anxiety disorders 146 , but did not reduce tinnitus 147 . A meta-analysis of anticonvulsant treatment with carbamazepine, gabapentin or lamotrigine did not reveal additional benefits compared with placebo in controlled studies 148 . Benzodiazepines have been reported to have beneficial effects on tinnitus distress 149 , but long-term data do not exist and routine use of benzodiazpines cannot be recommented owing to the risk of developing dependency 150, 151 . New approaches currently being investigated include potassium channel modulators 67, 96 and intratympanic application of the NMDA receptor antagonist esketamine 152 . As multiple signalling pathways could be involved in supporting brain network activity in tinnitus, it has been suggested that pharmacological compounds or combinations of compounds that act on multiple neurotransmitter systems could be more effective at suppressing tinnitus than agents that target specific receptors 145 .
Neuromodulation
An expanding investigation of the neuronal mechanisms of tinnitus is driving investigation of new techniques as potential therapeutic approaches. Repetitive transcranial magnetic stimulation (rTMS) uses the rhythmic application of brief magnetic pulses that are delivered by a coil placed on the scalp to modulate auditory cortical activity. A recent meta-analysis demonstrates beneficial effects of this approach, but the effect sizes are small and the duration of treatment effects often remains limited 153 .
Better results were obtained with additional stimulation of prefrontal brain areas 154 . It remains to be seen whether further refinement of these approaches or other novel treatment strategies will deliver superior improvements in tinnitus behaviour and perception. Nevertheless, the increasing number of innovative treatment approaches based on recent advances in neuroscientific tinnitus research is an encouraging development.
Integration of animal and human studies
Behavioural and functional imaging studies of human patients with tinnitus have corroborated several of the changes reported in animal studies, including increased gain in central pathways 17, 155 , reduced inhibition in the auditory cortex 156 , and macroscopic tonotopic map reorganization in the primary auditory cortex if audiometric hearing loss is present 157 , though tinnitus patients without audiometric hearing loss do not show macroscopic cortical map reorganization 158 , suggesting the tonotopical reorganization could be more closely linked to hearing loss than to tinnitus. However, depending on the extent to which cortical neurons lose their input from the ear, some degree of tuning shift would be expected to accompany the tinnitus. Changes in sound-evoked responses of primary auditory cortex neurons tuned to frequency range of the tinnitus have been found to track tinnitus suppression during residual inhibition in patients with tinnitus 159 . This result is consistent with studies in humans 119 and animals 70 that found tinnitus to be associated with neural changes in this brain region. Interestingly, sound-driven responses in the secondary (nonprimary) auditory cortex were larger in individuals with tinnitus than 159 in controls, and did not track residual inhibition. It was suggested that neural changes occurring in nonprimary auditory cortex reflect disinhibition of this region by attention, prediction failure, or deafferentation. Persistent disinhibition of the auditory cortex in tinnitus 119 could explain why individuals with tinnitus do not perform as well as controls on tasks requiring top-down modulation of attention 132 . A major contribution of research in humans has been the identification of brain areas outside of auditory pathways that are involved in tinnitus. Investigation of nonauditory structures was motivated initially by surprising results from functional imaging studies 113, 114 and by prescient models of tinnitus that proposed an involvement of limbic 161, 162 and somatosensory structures 108 . More recently, MEG studies of brain network activity in tinnitus have been guided by the concept of thalamocortical dysrhythmia 83 , which proposes that tinnitus is generated by changes in oscillatory brain activity that occur in the thalamus and cortex when thalamic neurons are hyperpolarized by deafferentation of auditory pathways. As described earlier in this article, animals with behavioural signs of tinnitus showed hyperpolarization and a shift towards burst firing in MGB neurons 82 . Early MEG research in humans, based on the concept of thalamo cortical dysrhythmia, reported increased delta and reduced alpha oscillations in the auditory cortex of tinnitus subjects [163] [164] [165] . Human studies also identified increased gamma oscillations [163] [164] [165] . Owing to the small neural distances involved, gamma oscillations are likely to reflect local communication within auditory structures, whereas slow-wave delta oscillations are likely to represent longer-range communication between the auditory cortex and nonauditory regions involved in dispersed tinnitus network activity. One notable study found that delta oscillations associated with increased tinnitus perception extended beyond circumscribed regions of auditory cortex to encompass large parts of temporal, parietal and sensorimotor cortex, and limbic regions 166 . Investigation of nonauditory regions in animal studies is a new direction of research that could provide insight into the role of nonauditory structures in tinnitus. STDP is likely to be engaged by brain network activity in nonauditory brain regions, although to date, its role in tinnitus has been investigated only in auditory and somatosensory pathways. Coupling between brain regions expressed in electrical oscillatory activity has not yet been investigated in animal models.
Conclusions
Research conducted in animal models suggests that tinnitus is generated by aberrant neural changes in central auditory structures that occur when these structures are deafferented by damage to the cochlea, as detected with audiograms or more-sensitive measures. Neural plasticity is involved in producing these changes, which include increased spontaneous activity, bursting and synchronous activity among neurons in subcortical and cortical auditory regions, and strengthened inputs from somatosensory to deafferented auditory structures. Functional imaging of patients with tinnitus has shown that neural changes are also observed in non auditory brain regions involved in attention, emotion and memory. A continuing challenge for research in human and animal models will be to distinguish between neural changes that are essential for tinnitus perception and those that are related to hearing loss, hyperacusis or distress behaviour, which are often seen in patients with tinnitus.
